The aim of our pilot study was to evaluate the contribution of genes for xenobiotic-metabolizing enzymes (XMEs) for the development of bronchial asthma. We have genotyped 25 polymorphic variants of 18 key XME genes in 429 Russians, including 215 asthmatics and 214 healthy controls by a polymerase chain reaction, followed by restriction fragment length polymorphism analyses. We found for the first time significant associations of CYP1B1 V432L (P¼0.045), PON1 Q192R (P¼0.039) and UGT1A6 T181A (P¼0.025) gene polymorphisms with asthma susceptibility. Significant P-values were evaluated through Monte-Carlo simulations. The multifactor-dimensionality reduction method has obtained the best three-locus model for gene-gene interactions between three loci, EPHX1 Y113H, CYP1B1 V432L and CYP2D6 G1934A, in asthma at a maximum cross-validation consistency of 100% (P¼0.05) and a minimum prediction error of 37.8%. We revealed statistically significant gene-environment interactions (XME genotypes-smoking interactions) responsible for asthma susceptibility for seven XME genes. A specific pattern of gametic correlations between alleles of XME genes was found in asthmatics in comparison with healthy individuals. The study results point to the potential relevance of toxicogenomic mechanisms of bronchial asthma in the modern world, and may thereby provide a novel direction in the genetic research of the respiratory disease in the future.
INTRODUCTION
It is generally agreed that bronchial asthma is a multifactorial disease, the phenotypic manifestation of which depends on a complex interplay between multiple genes of small-to-modest effect and on a number of environmental factors. 1, 2 Although numerous genetic association studies and genome-wide linkage scans have identified more than 100 potential susceptibility genes contributing to asthma over the past few decades, [1] [2] [3] [4] [5] we still poorly understand which genetic and environmental factors should be considered as major causes of asthma in the modern world. In particular, it is unclear whether known candidate genes of asthma susceptibility explain a sharp increase in the prevalence of asthma worldwide in the last few decades. 6 It has been proposed that an increase in the incidence of asthma, projected against a relatively unchanged human genome in evolutional sense, can be attributed to gene-environment interactions rather than to genetic factors itself to determine the predisposition to the disease. 7 This means that the asthma epidemic in the world cannot be simply explained by known genetic factors. After many years of research, a small number of environmental factors have been shown without doubt to cause bronchial asthma in the general population. Among them, particulate air pollution, which has progressively increased in the last few decades, seems to be a quite plausible candidate as a major environmental determinant of asthma, as the increased incidence of asthma has been found to be strongly associated with exposure to particulate matter of the environment in many countries. [8] [9] [10] [11] Moreover, air pollutants, such as particles, diesel exhaust, polycyclic aromatic hydrocarbons (PAHs), ozone, oxides of nitrogen, sulfur dioxide etc, have been shown to induce oxidative stress that was found to have an essential role in allergic inflammation, increasing airway responsiveness and inducing acute asthma exacerbations. 8, 10, 12 Several genetic studies have observed that individuals possessing loss-of-function variants of genes for glutathione S-transferases (antioxidant enzymes) are more susceptible to adjuvant effects of airborne pollutants increasing the risk of bronchial asthma. 13, 14 We have recently confirmed that some other antioxidant genes are also proper candidates for asthma susceptibility genes. [15] [16] [17] [18] However, a little research has been conducted to investigate the impact of highly variable polymorphic genes for xenobiotic-metabolizing enzymes (XMEs) on the development of bronchial asthma. It is well known that XMEs in various types of cells in the human lung and airways contribute to the in situ activation and inactivation of many chemical toxicants of the environment. 19 Thus, tissues of the respiratory tract, which are exposed to both inhaled and blood-borne xenobiotic compounds, are important targets for environmental toxicity. Therefore, it would be reasonable to propose that considerable interindividual differences in the expression and/or activity of XME genes may contribute substantially to asthma susceptibility. However, despite a clear importance of ecological genetic research of asthma etiology, existing data on the impact of genetic polymorphisms of XME genes on the development of asthma are still surprisingly limited. Thus, the purpose of our pilot study is to investigate whether polymorphic genes encoding XMEs, which metabolize major classes of chemicals of the environment, represent a valuable genetic component of susceptibility to bronchial asthma. Taking a polygenic multifactorial nature of asthma into account, it was also important to investigate gene-gene and gene-environment interactions contributing to disease susceptibility.
MATERIALS AND METHODS

Selection of candidate genes
We have selected genes for XMEs and their genetic variants from available publications and public databases in accordance with the following criteria: (1) the enzymes should represent all phases of biotransformation of xenobiotics, that is, typical phase I, II and III enzymes (biological functions and genetic variation of the enzymes are summarized in Supplementary Table 1) ; (2) the enzymes should metabolize major classes of chemicals of the environment (data on the roles of XMEs in the metabolism of environmental chemicals are summarized in Supplementary Table 2); (3) the enzymes are expressed in the lung and/or airways; (4) single-nucleotide polymorphisms (SNPs) of XME genes should be functionally significant, whenever possible; and (5) the minor allele frequency for XME genes should not be o5%.
Study population and diagnosis of asthma
A total of 429 unrelated participants were recruited into the study, including 215 patients with doctor-diagnosed bronchial asthma and 214 age-and sexmatched healthy individuals. Demographic characteristics of study groups are shown in Table 1 . The mean age of the asthmatics was 43.3 years (94 men and 121 women), and the mean age of healthy individuals was 41.3 years (105 men and 109 women). All patients were recruited from the Division of Pulmonology at the Kursk Regional Clinical Hospital over a period from 2003 to 2004. The healthy individuals were recruited at the same time. The diagnosis of asthma was verified by the presence of characteristic symptoms, reversibility of airway obstruction (15% variability in forced expiratory volume per second or in peak expiratory flow rate, either spontaneously or with an inhaled short-acting b2 agonist) or airway hyperresponsiveness to methacholine (a result of a challenge with a provocative concentration of methacholine causing a 20% decrease in FEV 1 of o8 mg ml À1 ). Skin prick testing and total serum immunoglobulin E (IgE) levels were determined in all study participants. The healthy individuals for the control group were enrolled in accordance with the following criteria: (1) no symptoms and history of allergic and/or other chronic diseases; (2) normal total serum IgE levels; and (3) normal pulmonary function test results. All patients and controls were of Russian origin from Central Russia. All study participants completed an interviewer-administered questionnaire with regard to cigarette smoking habits (ever/never smokers) and demographic data. Data on smoking status were available from 194 asthmatics and 167 healthy individuals (Table 1) . A strong positive history of asthma was shown in cases (40.1%) in comparison with controls (6.7%). This study was carried out according to the principles of the Declaration of Helsinki, and written informed consent was obtained from each participant after a detailed explanation of the aim of the study. The study protocol was approved by the Ethical Review Committee of the Kursk State Medical University.
Genotyping
Approximately 5-10 ml of venous blood was collected into EDTA (ethylenediaminetetraacetic acid)-coated tubes from each participant of the study. A genomic DNA was purified from whole blood using a standard procedure, including leukocytes lysis, SDS treatment, proteinase K digestion, phenolchloroform extraction and ethanol precipitation. All DNA samples were genotyped for 25 SNPs of 18 XME genes by PCR-restriction fragment length polymorphism (RFLP) assays according to the array protocols available from the publications. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] Supplementary Table 3 shows SNPs that have been analyzed in the study. PCR was performed in a final volume equal to 25 ml of reaction mixture containing 1.5 U of thermostable Taq DNA polymerase (Lytech, Moscow, Russia), B1 mg DNA, 0.25mM of each primer, 250 mM of dNTPs, 1.5-3.5 mM of MgCl 2 and 1Â PCR buffer (67 mM Tris-HCl pH 8.8, 16.6 mM (NH 4 ) 2 SO 4 , 0.01% Tween-20). The PCR products were digested by respective endonucleases (Sibenzyme, Novosibirsk, Russia) using the buffers recommended by the manufacturer. A negative (water) and a positive control for the respective gene polymorphism were used in each RFLP assay. The restriction digest products were analyzed through 2-3% agarose gel electrophoresis containing ethidium bromide and visualized under ultraviolet light on the GDS-8000 Computer Detection System (UVP Inc, Upland, CA, USA). The genotyping results were scored by two independent investigators who did not know whether the sample was obtained from the asthmatic or control group. Random PCR-RFLP retesting of B10% of the samples per SNP yielded 100% reproducibility. In addition, B10 randomly selected samples per SNP were sequenced on Genetic Analyzer ABI PRISM 310 (Applied Biosystems; Foster City, CA, USA), and all these genotyping results were concordant with the initial genotyping results. 
STATISTICAL ANALYSIS
Statistical power was calculated for a w 2 -test on the basis of allele and genotype frequencies for each polymorphism in White populations. We were able to detect a difference of 10% for a majority of XME genotypes assuming at least 70% power (b¼0.30) with a 5% Type I error rate (a¼0.30) and a sample size of 215 patients and 214 controls. Allele frequencies were estimated using the genecounting method, and Hardy-Weinberg equilibrium (HWE) was tested by Pearson's w 2 -test. Allele and genotype frequencies between cases and controls were compared using the w 2 -test with Yates correction. The strength of the association of XME gene polymorphisms with susceptibility to asthma was estimated by calculating odds ratio (OR) with corresponding 95% confidence intervals (CIs) using unconditional logistic regression analysis. Multivariate logistic regression was used to assess whether XME gene polymorphisms with other confounding variables such as age and gender may have any significant association with the tested genotypes. A P-value of o0.05 was set as statistically significant. The statistical calculations were performed using Statistica for Windows (v6.0) software package (StatSoft; Tulsa, OK, USA). Monte-Carlo simulations (CLUMP software, http://www.mds.qmul.ac.uk/statgen/dcurtis.html) were used to evaluate empirical P-values (p mc ) in order to prevent false-positive associations arising because of multiple comparisons between the groups. Gene-environment interactions were evaluated by joint categories of XME genotypes and smoking status (cigarette smoking was used as a surrogate variable representing a personal exposure to chemicals) with respect to asthma risk. Gene-gene interactions were evaluated by the multifactor-dimensionality reduction (MDR) method implemented into MDR software v.1.1.0 (http:// www.multifactordimensionalityreduction.org). 38, 39 The MDR method is known to be useful in identifying high-order nonlinear or nonadditive genegene interactions in case-control studies with relatively small samples, and in assessing the joint effect of multiple genetic loci on the development of disease. [39] [40] [41] [42] The basis of the MDR method is a constructive induction algorithm that converts two or more variables such as SNPs into a single attribute. MDR reduces the dimensionality of multilocus information to facilitate the identification of polymorphism combinations associated with disease risk. The important advantage of MDR is that the method includes a combined cross-validation/permutation-testing procedure that minimizes false-positive results by multiple examinations of the data. Another advantage is that MDR provides a prediction error, an estimate of the internal validity of the model. The significance of the final MDR model was determined empirically through 1000 permutations using the Monte-Carlo procedure implemented into the MDRpt software (http://sourceforge.net/projects/mdr). The polymorphism G-50T of the CYP2J2 gene was also included in analyses of gene-gene and gene-environment interactions, as we have recently found an association of this polymorphism with asthma susceptibility. 43 Lewontin's pairwise gametic correlations between alleles of XME genes were evaluated in case and control groups. The estimations were determined by the maximum likelihood method, as described by Hill 44 from the frequencies of genotypes in the 3Â3 contingency tables under an assumption of the codominance of loci.
RESULTS
Genotype frequencies for the majority of SNPs were in HWE in cases and controls. A deviation from HWE was noted only for two polymorphisms, PON1 Q192R (P¼0.03 in cases, P¼0.05 in controls) and EPHX1 Y113H (P¼0.00001 in cases, P¼0.05 in controls). Allele frequencies of 22 SNPs are listed in Table 2 . Allele frequencies of GSTM1 and GSTT1-null polymorphisms have not been estimated because we did not genotype heterozygous carriers for these genes. The frequency of variant allele 432L of the CYP1B1 gene was higher in healthy individuals than in patients with asthma (OR¼0.75, p mc ¼0.041), suggesting a protective effect of the mutation. Genotype frequencies of XME genes are shown in Table 3 . CYP1B1 V432L, PON1 Q192R and UGT1A6 T181A gene polymorphisms were significantly associated with risk of asthma. The associations remained significant after an adjustment for age and gender by multiple logistic regression analysis. In particular, genotype 432LL of the CYP1B1 gene was associated with a decreased risk of asthma (adjusted OR¼0.67, No difference was found between cases and controls with respect to smoking status (66 asthmatic smokers versus 66 control smokers). Gene-environment interactions are given in Table 4 . Notably, an absence of genotypes 462IV of the CYP1A1 gene (p mc ¼0.050) and 432LL of the CYP1B1 gene (p mc ¼0.013) and also possessing the GSTM1-null genotype (p mc ¼0.023) were significantly associated with an increased risk of asthma only in smokers. In contrast, a carriage of genotypes 9896CG of the CYP2E1 gene (p mc ¼0.022) and 213RH of the SULT1A1 gene (p mc ¼0.046) and also the absence of genotypes 105VV of the GSTP1 gene (p mc ¼0.050) and 113HH of the EPHX1 gene (p mc ¼0.074) were associated with a decreased risk of asthma in nonsmokers. Meanwhile, these genotypes did not exert a protective effect in smokers. The CYP2J2 À50GT genotype was associated with an increased risk of asthma in all individuals not depending on their smoking status, but the risk for asthma was greater in smokers than in nonsmokers (OR 5.71 versus 4.34, empirical Pvalues 0.024 and 0.013, respectively).
It is recognized that the central problem in statistical modeling of gene-gene interactions is the dimensionality of the data, and large sample sizes are needed to detect effects with so many dimensions. Taking this issue into account, we used the MDR method [38] [39] [40] [41] [42] as an alternative nonparametric statistical approach to investigate highorder gene-gene interactions in asthma. We have carried out an exhaustive search for all possible two-to-five-locus models among all 25 genetic polymorphisms of XME genes. The interaction between EPHX1 Y113H, CYP1B1 V432L and CYP2D6 G1934A loci showed the highest cross-validation consistency and the lowest prediction error among all gene-gene interaction models evaluated by MDR (Figure 1 ). Among five n-locus models, one three-locus model had a minimum prediction error of 37.8 (testing accuracy was 0.622) and a maximum cross-validation consistency of 10 (empirical P-value 0.05, as determined by 1000 permutations). The dendrogram of gene-gene interactions ( Figure 2 ) illustrates a complex hierarchical pattern of gene-gene interactions that was obtained by the MDR cluster technique. As can be seen from Figure 2 , four relatively independent clusters of XME genes were observed.
It is known that associations between alleles at different loci (gametic disequilibrium), on the one hand, can provide important information about demographic and genetic events in the past, such as evolutionary forces governing the loci. 45, 46 On the other hand, they can be useful in locating disease susceptibility genes. 47 We calculated gametic correlations between alleles of XME genes in healthy individuals and asthmatic patients (Supplementary Tables 4 and 5 , respectively). The term gametic correlation (gametic disequilibrium) is the traditional term linkage disequilibrium to measure the extent of non-random association because such non-random association may be present between unlinked loci that are located at different chromosomes. 48 Statistically meaningful gametic correlations were revealed in both study groups (the correlations are highlighted by bold face in Supplementary Tables 3 and 4 ). An important finding was that asthmatics had less number of gametic correlations than did healthy individuals. Another important finding is that many negative gametic correlations in healthy individuals were positive in asthmatics. Figure 3 illustrates the differences between asthmatics and controls with respect to patterns of gametic disequilibrium between alleles of XME genes (the differences are highlighted by gray cells in Supplementary  Table 5 ). An interesting finding was that a majority of gametic correlations observed in asthmatics involve XME genes that were found to be associated with the risk of asthma in our study.
DISCUSSION
A summary of the study findings In this study, we have revealed for the first time that polymorphic genes for XMEs are important determinants of genetic susceptibility to bronchial asthma. In particular, single-nucleotide polymorphisms, V432L of the CYP1B1 gene, Q192R of the PON1 gene and T181A of the UGT1A6 gene, were found to be significantly associated with the risk of asthma. The MDR method has obtained the best three-locus model for gene-gene interactions between the EPHX1 Y113H, CYP1B1 V432L and CYP2D6 G1934A loci in asthma at a maximum cross-validation consistency of 100% and a minimum prediction error of 37.8% (P¼0.05). A complex pattern of genomic interactions between genetic variants of 14 XMEs has been observed in asthmatics. We showed differences between asthmatics and controls with respect to patterns of gametic disequilibrium between alleles of XME genes. Furthermore, gene-environment interactions responsible for asthma susceptibility were also identified. A complexity of genomic interactions between XME genes determining susceptibility to bronchial asthma Interestingly, EPHX1 and CYP1B1 genes that showed associations with susceptibility to asthma in our case-control analysis were included in a statistical model of gene-gene interactions obtained using the MDR method. In contrast, the third gene in the model, the CYP2D6 gene, was not associated with asthma risk in case-control analysis. This finding clearly indicates epistasis: the effect of one gene may not be disclosed if the effect of another gene is not considered. 41 CYP2D6 is known to be responsible for the metabolism of a large number of clinically used drugs. 49 Notably, the MDR analysis has revealed a strong synergism in the interaction between CYP2D6 and EPHX1 genes in determining asthma risk, suggesting that the gene-gene effect may be driven by a true interaction, rather than by the main effect from the EPHX1 gene. Despite the three genes being included in the best MDR model, the CYP1B1 gene showed independence from the interaction between CYP2D6 and EPHX1 genes (Figure 2 ). Meanwhile, the CYP1B1 gene interacted with the UGT1A6 gene, which was associated with the risk of asthma in our case-control analysis.
Although it is very difficult to interpret biologically gene-gene interactions obtained by the MDR analysis, the gene-gene interaction makes mechanistic sense, because these genes are involved in the same metabolic detoxification pathway (Supplementary Tables 1 and  2 ). It seems that the integrated function of the EPHX1, CYP1B1 and CYP2D6 genes and their products promotes a coordinated metabolism of common xenobiotics such as PAH and heterocyclic compounds in the lungs and airways, where these genes are vitally expressed. 19, 50 Interestingly, the cluster MDR analysis showed high-order gene-gene interactions between 14 genes for biotransformation enzymes. This finding illustrates a polygenic nature of interactions between XME genes contributing to asthma pathogenesis. Another interesting finding is that several XME genes, which have been found to be associated with asthma risk in this and some other studies, 43, 51 represent the independent clusters of interacting genes (Figure 2 ), thereby showing complex genomic interactions between biotransformation genes that constitute the polygenic basis of asthma.
The disease-specific architecture of gametic correlations between allelic variants of XME genes The gametic correlations between XME loci at different chromosomes were the subject of great interest, as they concern a possible Table 3 Continued Abbreviations: CI, confidence interval; OR, odds ratio; XME, xenobiotic-metabolizing enzyme. a The table summarizes gene-environmental interactions that showed significance level Po0.10 (w 2 -test).
evolutional conservation of beneficial allelic combinations that provided a most optimal adaptive response to constant changes in the environment. Taking biological functions of the XME into account, it would be reasonable to assume that gametic correlations between XME genes have conferred evolutionary and developmental advantages, perhaps as a defense in maintaining homeostatic responses to toxic chemicals, such as PAH, heterocyclic aromatic amines (HAAs) and other chemical compounds. The gametic correlations were in accordance with the assumption that critical biological functions, such as a balance of toxification/detoxification processes in the metabolism of common xenobiotics, have evolved into an evolutionary optimum. Negative gametic correlations between alleles of XME genes found in healthy individuals suggest that individuals having evolutionarily conserved interactions between loci have maximal efficacy of toxification/detoxification processes and, in turn, are less susceptible to a damage by environmental chemicals. In other words, an effect of one allele increasing the toxicity of a chemical is compensated by an effect of another allele increasing the detoxification of a reactive intermediate. We propose to define this feature as an evolutionarily conserved 'genetic agreement' between various biotransformation enzymes maintaining a tune balance of toxification and detoxification processes, a known condition, when lipophilic xenobiotics of the environment are metabolically activated by phase I enzymes and thereafter detoxified by phase II enzymes. 49 However, we observed very specific gametic correlations between alleles of several XME genes in asthmatics in comparison with healthy individuals (Supplementary Tables  4 and 5 , Figure 3) . Interestingly, many of XME genes showing the difference in patterns of gametic correlations have been found to be associated with risk of asthma in this study and in several studies published in literature. Therefore, gametic correlations between the disease-causing alleles, which occur specifically in asthmatics, may show an imbalance between toxification and detoxification processes, making such individuals more susceptible to environmental chemicals that are known to have a role in asthma etiology. 11, [14] [15] [16] 18 It is important to notify that specific gametic correlations found between XME genes in asthmatics could be considered as a reflection of the disease-related patterns of genomic sequences responsible for the activation of cis-acting regulatory elements, such as xenobiotic responsive elements and antioxidant responsive elements. These DNA sequences are highly conserved in most XME families and are known to regulate the expression profiles of XMEs in response to chemicals. 52 Certainly, the specific gametic correlations found in both study groups may be indirectly related to evolutionary forces. Instead, the differences in gametic correlations between the groups are suggestive of recent ecological and genetic events that have maintained such variable linkage disequilibrium between genes encoding XMEs in humans. Although humans have been exposed to airborne particles throughout their evolution, such exposure has increased dramatically over the last century because of anthropogenic sources, thereby resulting in large-scale releases of naturally occurring chemicals into the environment, in addition to the production and release of new substances unlike any that had existed before. Although not much is known about the actual mechanisms and factors responsible for interindividual differences in the gametic disequilibrium between SNPs in human genome, the results of our study may provide important biological information with regard to the common molecular evolution, physiological significance and in vivo functional relationships of genes encoding XMEs in humans.
Importance of gene-environment interactions in asthma pathogenesis
Although we have not revealed any difference between asthmatics and healthy controls with respect to smoking status, associations of eight polymorphisms of XME genes with the risk of asthma were found in smokers. For instance, the absence of genotypes 462IV of the CYP1A1 and 432LL of the CYP1B1 gene was significantly associated with increased risk of asthma only in smokers. Taken together, these data clearly show gene-environment interactions, that is, interactions between XME genes-cigarette smoke chemicals, which seem to be important in the etiology of bronchial asthma. 7 Although cigarette smoking alone did not increase the risk of bronchial asthma, the results suggest that exposure to chemicals may modify the association of asthma with several polymorphic genes known to activate or detoxify PAHs and other compounds found in tobacco smoke. The mechanisms by which environmental chemicals can induce host sensitization and asthma development are other important issues that need to be discussed. It was suggested that most airborne pollutants function as mucosal adjuvants and, in interacting with both innate and adaptive immune cells, skew the immune response to inhaled antigens toward a T-helper type 2-like phenotype. 53 For instance, diesel exhaust particles (DEPs) are known to be a major component of suspended atmospheric pollutants and have been shown to initiate and exacerbate airway allergic responses that can directly target multiple airway cells, including epithelial cells, mast cells, macrophages and lymphocytes, and induce the production of cytokines, chemokines and other inflammatory mediators associated with the asthmatic phenotype. [53] [54] [55] DEPs can initiate and exacerbate airway allergic responses through oxidative stress and reactive oxygen species resulting in an enhanced IgE and histamine production. 8, 13, 56, 57 In addition to this adjuvant effect, DEPs are also known to induce or augment IgE production by acting directly on B cells. 53, 56 The information gleaned from our study should be seen as a hypothesis-generating observation of a complex involvement of XME genes in molecular mechanisms of asthma, the results being obtained for the first time. A majority of the associations of XME genes with asthma were not strong, thereby showing small-to-modest effects of these genes on the asthmatic phenotype. It was not surprising as small-to-modest effects of common genetic variations are characteristics of any polygenic disease, including bronchial asthma. Importantly, all genes that were found to be associated with asthma in this study are expressed in the lungs and airways, suggesting their significance for the metabolism of xenobiotics inspired in the respiratory tract from the environment and a possible involvement in the pathogenesis of asthma. The study results point to the potential relevance of toxicogenomic mechanisms of bronchial asthma in the modern world, and may thereby provide a novel direction in the genetic research of the respiratory disease, which perhaps will improve our understanding of the major causes responsible for a sharp increase in the prevalence of the disease worldwide in the past few decades. Further investigations addressing this question may provide important insights into the molecular mechanisms of bronchial asthma. Undoubtedly, a complete understanding of the causative role of environmental chemicals in the development of asthma will require conducting both experimental and clinical studies to substantiate their participation in the molecular mechanisms underlying the disease phenotype. Further population-based studies with larger sample sizes are needed to confirm the associations of genetic polymorphisms of XME genes with the risk of bronchial asthma. Recent advances in genomic and proteomic research could provide a comprehensive approach to elucidating toxicogenomic mechanisms of asthma at a sophisticated level of molecular detail already in the nearest future. Using global transcriptional profiling of XME genes to link toxic challenges with specific batteries of mRNA would have the potential to provide insights into the toxicogenomic mechanisms of asthma and to identify sensitive biomarkers of exposure responsible for disease etiology. Figure 2 A dendrogram shows a complex pattern of interactions between 14 polymorphic genes of xenobiotic-metabolizing enzymes, which forms four independent clusters of the genes. The cluster I comprises the EPHX1 Y113H and CYP2D6 G1934A loci, which had the highest degree of synergy in their interactions to determine the susceptibility asthma. A lesser degree of synergy in gene-gene interactions was found for the ABCB1 3435C4T, SULT1A1 R213H, PON2 S311C and NAT2 590G4A loci (the cluster III). The cluster IV including the CYP2J2 À50G/T and PON1 Q192R loci had the highest degree of redundancy in their interactions, which also seems to have a role in the development of asthma. The latter gene polymorphisms were also found to interact with the CYP1A2 731C4A and EPHX1 H139R loci in the same manner, but to a lesser degree. The low degree of redundancy in gene-gene interactions was observed between the CYP1B1 V432L and UGT1A6 T181A loci (the cluster II). The lines used in the dendrogram comprise a spectrum of lines representing a continuum from Synergy (black) to Redundancy (gray). The lines range from bold black, representing a high degree of synergy (positive information gain), thin black, representing a lesser degree, and dotted line representing the midway point between synergy and redundancy. On the redundancy end of the spectrum, the highest degree is represented by bold gray (negative information gain) with a lesser degree represented by thin gray. SNP, single-nucleotide polymorphism. Figure 3 The figure schematically represents interlocus gametic correlations between the xenobiotic-metabolizing enzyme (XME) genes in healthy subjects (above) and patients with asthma (below). Notably, numerous gametic correlations were observed between various XME gene polymorphisms in healthy subjects, suggesting evolutionarily preserved synergy or functional integration of phase I and II enzymes in the metabolism of common xenobiotics. In contrary, a strong disintegration in the gametic correlations between XME gene polymorphisms was observed in asthmatics. A majority of gametic correlations between allelic variants of XME genes, which are observed specifically in asthmatics, involve those genes that have been shown to be associated with asthma susceptibility in this and in some other studies.
